The vertical distribution of natural radionuclides ( 232 Th decay, 238 U decay, 40 K and 210 Pb) was assessed in sediment cores collected from the Amvrakikos Gulf, (Ionian Sea, Western Greece). Two collection stations were selected, the first at the western part of the Gulf near Preveza Strait (13A station) and the other near the centre of the Gulf (13B station). Activity concentrations were measured by means of gamma-ray spectrometry using high-purity germanium (HPGe) detectors installed at two national laboratories. Pb were utilised in the calculations of the sedimentation rate along the sediment cores. Both locations were characterised by a consistent pattern with the average rates of 0.55 + + + + + 0.02 and 0.32 + + + + + 0.02 cm y 21 , corresponding to 13A and 13B stations, respectively. Finally, the measurements constituted the basis of the first reported database concerning the radiological condition of the Gulf and which can be reclaimed as reference values in future monitoring studies.
INTRODUCTION
Measurements of natural radioactivity in aquaticsedimentary environments have been of significant importance in studies related to marine pollution and sedimentary processes. The sediment plays an important role in aquatic ecosystems and so monitoring radiological studies might lead to better management and protection of marine resources (1) . Semi-closed and closed marine ecosystems act as deposition areas for washed-out materials due to human activities occurring around the catchment area. Those materials include radionuclide contaminants due to naturally occurring radioactive materials (NORM) and/or technologically enhanced NORM (TENORM) (2) . Recent studies have been published investigating the distribution of natural radionuclides in the bottom sediments. At Burulus Lake (Egypt), natural radionuclides have been used as tracers to investigate their pathways and mechanisms of mobility, as well as to indicate and assess the radiological impact of pollution (3) . In the Gulf of Aqaba (Red Sea), core and beach sediments were studied for radio-ecological purposes by measuring the levels of natural radioactivity due to human activities relevant to the exportation of phosphate ore (4) . At Butrint Lake (Albania), superficial sediments were also measured for seabed characterisation and correlation with the granulometry data (5) . In general, most studies focus on the activity concentration of the primordial series products ( 238 U and 232 Th daughters) and on the concentration of radioactive potassium 40 K. Usually, activity concentrations of 238 U, 232 Th daughters are associated with heavy minerals, and 40 K activity concentrations with clay minerals (6) . Also, particular interest is given to 210 Pb as it is the most long-lived daughter of the inert radioactive gas radon 222 Rn. Enhanced activity concentration of 210 Pb may be observed in lakes and gulfs as a result of the physical accumulation process relevant to the water cycle. Lead is transported from terrestrial regions into the atmosphere via 222 Rn diffusion and during rainfalls it may be accumulated in closed ecosystems as a result of scavenging from raindrops. Additionally, lead 210 Pb and radium could be transported from industrial regions and/or agricultural areas by disposal of TENORM materials into rivers where their estuaries are located in the closed systems.
The Amvrakikos Gulf (Western Greece) is a semiclosed ecosystem connected via the narrow Preveza strait with the Ionian Sea. Two rivers (the Arachthos and the Louros) are discharged into the gulf. Due to extended agricultural activities in the area, the Gulf 's water and sediment are constantly enriched by agricultural residues. As the gulf is a protected area according to the Ramsar Convention (1971), surveys have been performed evaluating the condition of the Gulf 's ecosystem (7 -9) . As a general conclusion those studies reveal potential hazards for the gulf 's ecosystem due to increased levels of chemical and biological substances (e.g. nutrients, chlorophyll a) in combination with dysoxic/anoxic conditions in water and sediment.
Despite the aforementioned studies, no published information is available regarding the radioactivity levels of the Amvrakikos Gulf. So, as part of the IAEA's campaign in the Adriatic and Ionian seas, this work aims to provide a first radiological study concerning the levels of natural radioactivity and a baseline database for this semi-closed ecosystem. The activity concentration levels of gamma-ray emitting radionuclides in the sediment cores were estimated and subsequently were compared with data from similar marine ecosystems. The database obtained from this work could be used as a baseline in future long-term monitoring studies according to IAEA guidelines for NORM and TENORM monitoring programmes.
STUDY AREA
The Amvrakikos Gulf (Figure 1 ) is a semi-closed dilution basin of 405 km 2 that receives nutrient inputs, fresh water and sediment fluxes, from a drainage basin of 3850 km 2 (including the catchments of the rivers Arachthos and Louros) (10) . Specifically, the Louros contributes with a drainage basin of 865 km 2 and provides a mean annual water flux of 600 Â 10 6 m 3 y
21
, whereas the Arachthos contributes with 1900 km 2 and 2200 Â 10 6 m 3 y 21 (11) . In addition, the Gulf receives annually, through precipitation (900-1100 mm y 21 ), a volume of fresh water of 400 Â 10 6 m 3 . It comprises relatively shallow depths (a maximum depth of 65 m in the eastern part) and communicates with the open Ionian Sea through a narrow channel ( 600 m wide and 5 m depth). The northern part of the Gulf is rather shallow and consists of a relatively wide subaqueous delta/prodelta platform (1-3 km wide), created by the deposition of sediments from the two main rivers, the Arachthos and the Louros.
The major terrestrial sediment fluxes are associated with the main rivers, with the River Arachthos being the most important sediment source, as it annually transports 7.31 Â 10 6 tonnes of suspended sediment (12) ; as such, it is among the Mediterranean rivers with the highest annual sediment yield (3890 tonnes km
22
). The suspended sediment load of the Louros River is low (,0.5 Â 10 6 tonnes y 21 ) (12) . Similarly, the contribution of coastal erosion is expected to be very small, due to the rather weak wave activity in response to small wave fetches (,30 km). The Gulf presents a two-layer water stratification, characterised by a minimum depth of 5 m, with the upper layer occupying the first 10 m (with the exception of summer when it is extended up to 20 m) and the lower layer being rather homogenous (13) . The seasonal variations of temperature (T ) and salinity (S) are apparent in the Gulf compared with those of the open Ionian Sea, attributed to the difference between fresh water input (riverine flux and precipitation) and evaporation.
The tidal values are ,20 cm (14) , characterised by a relatively calm wave regime due to the limited wave fetches (15) . Surface water circulation is also weak, presenting a clockwise trend (16) . Measured current speeds in the central part of the Gulf demonstrate mean values ranging from 0.3 up to 0.19 m s 21 (in winter) (13) . The same authors have reported fast currents in the Strait of Preveza, ranging from 0.12 to 0.15 m s 21 with some bursts reaching 1 m s 21 . The upper water layer in the Gulf is well oxygenated, with dissolved oxygen (DO) levels being .7 ppm. In contrast, the lower layer had values .3 ppm during spring and ,1 ppm in summer. Moreover, in a water depth of .40 m and closer to the seabed, the DO was 0.3 ppm, indicating the development of anoxic conditions, at least during the summer period. This pattern is attributed to the strong stratification of the waters, which inhibits the renewal of deeper water masses (17) . , throughout the year (19) . Two sampling positions were selected for this work. The first one, named 13A, is located close to the Preveza straits and the second, named 13B, near the centre of the Gulf. The first position was selected in order to investigate potential interactions (e.g. seawater and/or sediment exchange) with the Ionian Sea and the second as it is strongly affected by the river estuaries from the north part of the gulf (the Archos and Louros rivers).
MATERIALS AND METHODS
A sampling cruise was carried out as a part of the International Atomic Energy Agency's (IAEA) project RER/7/003, International Scientific Cruise to Adriatic and Ionian Seas, held within 17 -28 September 2007. Sediment core samples were collected using a Bowers and Connelly, Mark VI multicorer analyser (20) . The samples were transferred to the Marine Environment Laboratories of IAEA in Monaco for recording the procedure and then supplied to the laboratories involved.
The analyses were carried out in the Laboratory of Marine Radioactivity of the Hellenic Centre for Marine Research (HCMR) and in the Environmental Radioactivity Laboratory (ERL) of the Institute of Nuclear Technology-Radiation Protection of the National Centre for Scientific Research 'Demokritos' (NCSRD). Samples were prepared according to the methodological guidelines, which were adopted as a part of the project RER/7/ 003 of the IAEA. According to these guidelines, stones, shells and algae were removed and the weight of the remaining sediment was recorded. Then the sample was homogenised and dried overnight at 1058C until a constant weight. After that, the sample was sieved through a 2-mm sieve, weighed and the weight of dry sample was recorded. Then the material was homogenised and the subsample was taken to obtain the optimal counting geometry.
Hellenic Centre for Marine Research
Activity concentrations of natural radionuclides in sediment samples were measured using a HPGe detector (Ortec Coaxial n-type HPGe Detector 
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System) with a nominal relative efficiency of 50% and resolution of 1.85 keV at 1.33 MeV. A lead shield surrounded the detector in order to reduce the ambient gamma-ray background.
The energy and efficiency calibration procedures were performed using a 152 Eu(93%) þ 154 Eu(7%) source that had been prepared and calibrated at NCSRD, specifically for this type of measurements, in the following way: a small quantity of 152 Eu þ 154 Eu diluted liquid source (obtained originally from Amersham Co.) was put in a 1.0-ml syringe, placed at a distance of 25 cm from the face of the detector. The activity of this quantity was measured (regarding almost point-source geometry) and then the contents of the syringe were injected-dropped into an inert material (talcum powder) that had been placed inside a plastic container (diameter of 6.9 cm, depth of 2 cm) identical to the ones used for the subsequently measured sediment samples. The empty syringe was measured again in order to determine the activity actually injected-dropped into the inert material. Finally, this newly prepared source was placed in contact geometry in front of the detector and a spectrum was recorded. The source was rotated so that the back face was in contact with the detector's front and a second spectrum was recorded. The difference in the intensities for the two spectra was 3%, thus ensuring that the distribution of radioactivity in the inert material was almost homogenous. After adding the two spectra and using the most intensive gamma-ray peaks of the source, the absolute detection efficiency along with the energy was determined. The empirical function used for the fit was of the type: where y is the absolute efficiency, x is the gamma-ray energy and A, b, C and d are the free parameters. In most cases, the measuring time was 24 h, except when the specific activity of a sample was too low and 48-h spectra were recorded. Every 5 d, a 48-h background spectrum was recorded. Concerning the efficiency value at the emission energy of 210 Pb (46 keV), a new measurement was performed using an IAEA standard source (IAEA 307).
National Centre for Scientific Research 'Demokritos'
The measurements were carried out in a gammaspectrometry system comprising an HPGe detector (Canberra Coaxial HPGe Detector System) with a relative efficiency of 90% and resolution of 2.1 keV (at 1.33-MeV photopeak of 60 Co). The HPGe detector is connected to a multichannel analyser and the whole system is controlled using specialised software (Canberra Genie 2000). The duration of each measurement was over 7 Â 10 4 s, usually overnight.
The energy calibration was performed using standard active sources of 241 210 Pb emits. As low-energy gamma rays are attenuated quite easily by self-absorption, careful attention must be paid to sample geometry in order to maximise the overall detection efficiency and to ensure reproducibility. Buesseler et al. (21) reported that the smaller the sample volume, the higher the detection efficiency. In the present study, the geometry used was of small volume (radius of 3.4 cm and height of 2.0 cm) and efficiency calibration was performed using the same geometry. Due to the small volume, selfabsorption of the samples could be assumed negligible. However, the self-absorption of the samples was also checked using a Monte Carlo-based simulation code (22) and was proved insignificant. The quality assurance of the measurements is checked periodically by participating in proficiency tests (e.g. within 2010 ERL has participated in two tests, IAEA-CRP1471-01 proficiency test and an EC interlaboratory comparison JRC-IRMM). Tables 1 and 2 and they are also depicted in Figure 2 . Although different methodologies were followed by the two laboratories in order to calibrate (energy calibration and efficiency estimation) the detection systems, slight differences were observed. Such differences are more evident regarding 222 Rn daughters activity and possible reasons are discussed in detail below. The Tables 3 and 4 and they are also depicted in Figure 3 . The vertical distribution of 228 Ac concentration shows an almost constant trend, within the uncertainties, along with the depth exhibiting an average activity of 17 + 3 Bq kg 21 220 Rn daughters (as measured from each laboratory) were found to be almost equal, indicating that radioactive equilibrium between them has been obtained as expected.
Potassium-40
The results of the activity concentrations of 40 K are indicated in Tables 5 and depicted in Figure 4 . The measured data from the two laboratories at both stations agreed very well within their uncertainties. The vertical distribution of 40 K follows an almost constant trend (with an average values of 420 + 20 Bq kg 21 ) for 13A station, while there is a significant increment in the case of 13B station (starting from 500 Bq kg 21 at the surface of sediment rising up to a constant value of 730 Bq kg 21 at the deeper part of the core). The higher values at 13B station may be attributed to the muddy content and the minerals of the sediment at this location. More particularly, as it has been reported (14) , the fraction of sand in the sediment of the region next to the Preveza Strait (13A) is higher than that in the centre of the Gulf (13B) where muddy content is dominant. Similar observations have been reported (5) in another closed system (Butrint Lake) near the Vivari channel. Also there, the activity concentration of 40 K was found enhanced in the sediment samples of the lake where the fraction of sand was smaller.
Lead-210
The results of 210 Pb measurements are indicated in Table 6 and depicted in Figure 5 for the two stations, respectively. The logarithmic excess 210 Pb activity vs. depth was used for the sedimentation rate calculations. The general trend of the vertical distribution of 210 Pb follows exponential decrement along the depth for 13B station (starting from 250 to 50 Bq kg 21 ). At station 13A similar behaviour is observed including significant fluctuations at around 11 and 22 cm. These fluctuations may be attributed to possible depositions that have been taking place during recent years through the transfer of suspended materials in the studied location.
DISCUSSION
No data have been reported in the literature concerning vertical profiles of natural radionuclide concentrations in the specific region; therefore, no comparison is possible. However, the ratio of the averaged daughter concentrations of 238 calculated for all samples and its values found in a range from 1.5 to 3.As a comparison index, the mean value of the ratio ( 226 Ra/ 228 Ac) was also calculated by a least square fitting (see Figure 6a) (24) as the world average ratio of 238 Regarding the ratio of 210 Pb/ 226 Ra (which are both daughters of 238 U), a significant disequilibrium was found. More specifically, this ratio ranged between 10 and 20 and is comparable with values reported in the literature for closed and semi-closed marine ecosystems (26) .
Sedimentation rate using 210 Pb model
Moreover, the mean sedimentation rates (r) were derived using the excess 210 Pb data of Table 6 . The calculated slope parameter (k/r as given in Eq. 2) 
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provides the mean sedimentation rate using the logarithmic representation of the 210 Pb data along depth and its decay constant (k). The values of sedimentation rates were estimated to be 0.55 + 0.02 and 0.32 + 0.02 cm y 21 for the stations 13A and 13B, respectively. The significant difference between the two stations is due to the fact that 13A station is very close to the Preveza Straits where a developed front due to the outflow brackish water of the Gulf and the inflowing saline open sea water has been observed (9) . The saline water inflow transports sediment material from the open sea resulting in variation of the seafloor morphology close to Preveza Straits.
Intercomparison exercise
It is important for the national authorities responsible for radioprotection assessments to obtain reliable data from collaborative laboratories. As both institutes belong to the same national network, which provides data to Greek Atomic Energy Commission, intercomparison exercises contribute to the quality of the assessments. During this study, such an exercise was carried out involving the instrumentation of HCMR and NCRSD laboratories to analyse samples from different cores obtained by same stations. The correlation between the results of the two laboratories shows a good agreement (.90%) for 40 K, 210 Pb, 226 Ra and 228 Ac. The discrepancy of the measured data between the two laboratories concerning radon ( 222 Rn) and thoron ( 220 Rn) daughters ( 214 Pb, 214 Bi and 208 Tl) is attributed to the diffusion of the aforementioned gases inside the sediment of the cores, slightly affecting the spatial activity concentration of their daughters. C. TSABARIS ET AL. Figure 6 . Correlation of (a) 226 Ra vs.
228
Ac activity concentration and (b) 40 K vs. 228 Ac activity concentration.
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SUMMARY
In the present work, a comprehensive study of the distribution of gamma-emitting radionuclides in sediment cores from the Amvrakikos Gulf was carried out. The results constitute the first database for natural radioactivity in the specific area. As concerns the activity concentrations of both stations, the measured values do not exceed the recommended limits for 226 Ra,
40
K and 228 Ac. The averaged measured activities between 238 U and 232 Th daughters are in agreement with measurements reported in the literature indicating that the TENORM contribution from human activities could be considered negligible. The sedimentation rate of the semi-closed Gulf is higher at the Western part of the Gulf (Preveza Straits) than those in the central region. This difference is attributed to the transportation of sediment material by the inflow of Ionian Sea waters into the station 13A. Intercomparison exercises were also carried out exhibiting a good agreement between the results of the two laboratories. This agreement testifies the reliability of the different calibration procedures (for the gamma-ray spectrometry method) in core sediment samples.
